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FOREWORD

This report is part of a series in which the various chemical

groupings and bond energies present and propellant ingredients are

being examined. From these data the thermodynamic quantities of

theoretical compounds may be calculated on the basis of structure

without recourse to chemical synthesis.

The work reported herein was performed under Bureau of

Ordnance TaskAssignment NPF-Re2d-02-1-53, "Physical-Chemi-

cal investigation of Gun Propellants, " and was reviewed for tech-

nical accuracy by E. D. Margolin and E. F. Hare. The data are

as of 27 January 1957.

Carl Boyars
Head, Chemical Physics

Division

Approved by:

Sol Skolnik, Director
Research and Development

Department

Released by:

GEORGE E. KING
Captain, USNavy
Commanding Officer
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ABSTRACT

The heats of combustion at 25V C of for simple aliphatic

ethers of homologous series (diethyl ether, di-n-propyl ether, di-

n-butyl ether, and di-n-amyl ether) " determined by means of a

Dickinson-type precision calorimeter. The heats of formation in

the liquid and gaseous states are then calculated. By means of

K. J. Laidler's empirical method of estimating heats of formation

of organic compounds, a mean value of 87.6 kcal for the C-O bond

energy U8 obtained.

vi
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LIST OF SYMBOLS

ARC = the temperature rise of the system, in ohms, as meas-

ured by a platinum resistance thermometer In conjunc-

tionwith aLeeds and Northrup type G-2 Mueller bridge,

corrected for radiation and stirring

Art = the temperature correction in ohms for ignition energy

from the fuze wire in the calorimeter

Arn = the temperature correction in ohms for energy released

in formation of nitric acid

Arstd = the small temperature correction in ohms for variation

in the mean temperature of an experiment from the

"?tstandardt, value of 28. 50 C

Ar = the temperature correction in ohms for energy released

from benzoic acid igniter

ARf = the increase in temperature corrected for Art, Arm,

Arstd, and Ar, in absolute ohms per gram of sample,

as measured by the platinum resistance thermometer

in the calorimeter

-AU.3 00 C = the .at of combustion at 300 C at constant volume after

the Washburn corrections(8" modified such that gases

are corrected to zero pressure, have been applied for

products and reactants in their standard states

-AH30° C= the heat of combustion at 300 C at constant pressure

-AH2 50 C = the heat of combustion at 250 C at constant pressure

vii
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-AHf 2 5° C = the heat of formation at 25° C from the elements

AHvaP2. = the heat of vaporization at 25° C

-ARA = the heat of atomization at 25 C

vitt
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DETERMINATION OF THE C-O BOND ENERGY
FROM THE HEATS OF COMBUSTION OF

FOjR ALIPHATIC ETHERS

In a continuation of the program of determining bond

and group energies,(1) the C-0 linkage in four ether compounds

has been chosen for investigation.

According to Kharasch's investigations,(2) heats of combus-

tionof several ethercompounds have been studied as early as 1852

by Favre and Silbermann, 1887 by Stohmann, and 1905 by Thomsen.

Since the reliability of these early data is questionable, the values

leading to the calculation of the G-0 bond energy were redetermined;

the heats of combustion of additional ethers were also measured.

The compounds included in this study were di-ethyl ether,

di-n-propyl ether, di-n-butyl "ier, and di-a-amyl ether. The

data obtained in these determinations have been used to calculate

the heat of formation in the liquid and gaseous states.

The method used for calculating the C-0 bond energywas that

of K. J. Laidler. (3) It is based on empirically obtained C-C and

C-H bond energies.

UNIT OF ENERGY, MOLECULAR WEIGHTS, AND UNCERTAINTIES

The unit of energy used here is the absolute joule. The con-

version to the defined calorie is 1 calorie = 0. 0041840 absolute

kilojoules. The molecular weights are based on the 19V7 Revision

of the Atomic Weights. (4)

The uncertainties assigned to the various quantities dealt with

in this paper were derived, where possible, by a rnethol described

by F. D. Rossini and co-workers. (5)

1
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MAI %RIALS

The simple aliphatic ether compounds, which were supplied

by the Eastman Kodak Company, were purified by drying with cal-

cium chloride and distilling from metallic sodium. In addition, a

portion of the diethyl ether was also distilled from methyl magne-

sium bromide. As can be seen in Appendix A, this additional dis--

tillation had no effect on the calorimetric value (ARf) for the heat

of cembustion.

The procedure used for sealing these volatile compounds in

glass ampoules, purifying the oxygen, and igniting the compounds

has beenpreviously described.(1' 6) Carbon formation in the igni-

tion of diethyl ether and dt-n-propyl ether prompted theuseof 0.15-

gram benzoic acid pellets as an auxiliary fuel.

METHOD AND APPARATUS

Essentially the same method and apparatuses were used in the

present investigation as in the investigation of the nitrate group.(1

They are described more fully in that report.

The heats of combustion were determined with a Dickinson-

typeprecision calorimeter. The isothermal jacket was maintained

at 30.0000 ± .0010 C. The temperature rise in the calorimeter was

measure( with a platinum resistance thermometer in conjunction

with a Leeds and Northrup type G-2 Mueller bridge. Calorimetric

data are shown in Appendix A.

The following formulas define the heats of combustion and

formation:

2
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-AU 0  C HON bc+ý2)0
300- 0 a b c d(]iq) + (a -) (gas)

aCO 2 (gs + b d

-AH(gas) a+ C 2(

f25° C (graphite) H2(gas) 2 0 2(gas)

dA~ N2C +o + H+SN2(gas)--" CaHb cNd(liq)

CALIBRATION OF THE CALORIMETER

National Bureau of Standards Benzoic Acid Sample Number

39 G was used to obtain the calorimeter constants. The results

obtained are shown in Appendix B.

The No. 1002 Parr bomb was calibrated yielding a value of

143752.0 abs j/ohm, obtained from experiments 1 through 8. This

value was used in the ceterminations of diethyl ether and di-n-prcpyl

ether. A No. 1002 Parr bomb, which had anew type snap-on intake

valve, was used in the determinations of di-n-butyl ether and di-n-

amyl ether. From the data listed for experiments 9 through 16, a

calibration constant of 143961. 7 abs j/ohm was obtained.

DISCUSSION OF RESULTS

Table I gives the values for the heats of combustion and for-

mation of each compound corrected to standard-state conditions by

means of the Washburn corrections,(7) modified to refer all gases

to zero pressure. The result obtained for diethyl ether (-AHO5 o25 C

652. 99 kcal/mole) agrees closely with the value obtained by

Stohmann,(2) after his value for the heat of combustion is corrected

to 250 C and the 1947(4) atomic weights of carbon and hydrogen

3
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are used (-AH 2 5' C = 651. 92 kcal/mole). However, the value for

di-n-amyl ether (AHT5o C = 1588. 0 kcal/mole) differs greatly from
25' C(2)

that obtained by Favre and Silbermann (-AH25 o C = 1608.7 kcal/

mole). Kharasch(2 ) calculated a value of 1582. 0 kcal/mole at

18* C using his method of predicting the heats of combustion of organic

compounds. It is therefore believed that Favre and Silbermann's

value is in error. Values for the heat of combustion of di-n-propyl

ether and di-n-butyl ether are not available in the literature.

Table H shows the C-O bond energies obtained. The values

were calculated by subtracting the sum of the bond energies from

the heats of atomization at 250 C not including the C-0 bond. The

heat of atomization of each compound in turn is the sum of the

heats of atomization of the individual atoms plus the heat of for-

mation in the gaseous state. The values obtained for the C-0 bond

in each of the simple ethers agree to within 0. 8% of the mean. It

is believed that the deviations observed are largely due to inaccu-

racies in the values used for the respective heats of vaporization

rather than deviations in th- energy of the bond. Another possible

reason for the observed de-iations is the assumption that the sub-

stitution of atoms other than carbon or hydrogen does not affect the

energies of the C-C and C-H bonds.(3)

5



NAVORD REPORT 5491

14 t-o
C) - 4o0 Y'

I

Z44

0000
VIM ~ ~

0~~

Ltz C d

o0
~ It. -~ Q C4-4

0) ~ 0

EL c d 5 )

iN ___ 0)54 0 E ~

oo

0~0

$4 40.-r

04 0) *0

S.4
00

o IY -Ia >4

p 4  0- >

> 0 qa

00

0 - CU-4 0 )~ )r

0 CUO

Cl) I I I Cd CD

60



NAVORD REPORT 5491

REFERENCES

(1) U. S. Naval Powder Factory. PHYSICAL PROPERTIES OF

THE NITRATE ESTERS. NavOrd Report No. 5156, Technical Report

No. 77. 20 June 1956. DECLASSIFIED

(2) M. S. Kharasch. HEATS OF COMBUSTION OF ORGANIC

COMPOUNDS. J. Research NBS 2:359-430 (1929) RP 41.

(3) Catholic University. ESTIMATION OF HEATS OF FORMA-

TION OF ORGANIC COMPOUNDS. By K. J. Laidler. Contract

NOrd-10260. Final Report January 1- June 30, 1950. DECLASSI-

FIED

(4) G. P. Baxter, M. Guichard, and R. Whytlaw-Gray. THIR-

TEENTH REPORT OF THE INTERNATIONAL COMMITTEE ON

ATOMIC WEIGHTS. J. Am. Chem. Soc., 69:734 (1947).

(5) F. D. Rossini and W. E. Deming. THE ASSIGNMENT OF

UNCERTAINTIES OF THE DATA ON CHEMISTRY AND PHYSICS,

WITH SPECIFIC RECOMMENDATIONS FOR THERMOCHEMISTRY.

J. Wash. Acad. Sci., 29:416-41 (1939).

(6) E. J. R. Prosen and F. D. Rossini. HEATS OF ISOMERIZA-

TIONOFTHE FIVE HEXANES. J. ResearchNBS 27:289-310(1941)

RP 1420.

(7) E. W. Washburi. STANDARD STATES FOR BOMB CALO-

RIMETRY. J. Research NBS 10:525-558 (i932) RP 546.

(8) Int. Critical Tables 5, 138 (1929).

(9) Int. Critical Tables 3, 222 (1928).

(10) R. R. Dreisbach and R. A. Martin. PHYSICAL DATA ON

SOME ORGANIC COMPOUNDS. Ind. Lng. Chem. 41:2875-78

(1949).

7



Previous pa~ge w.as b1IarIk, therefore not filmed* AODREOT59

cd ~ 00 00 0ý 0
LO~ LO~ CD 0 0I
U0 LO~ tO O 0

0 0 01 0N

0

M 0 00 0-

0

0w

o 0M 00
E-4

0 04 C

0) 0 0

00

44 0 0 0) 0>

0 ) CD _ _ _C

a; to C;)
0- -4

to c-

oC> Ct- C
0) 0 0>

o 0 0

0
0 0 C) t

0' 1-4 C4 .

UQ 0
0 k)

~~~ 4ý)10C

04 C) >±
C) CC CD -0-02

0 0qc 0 > CO%

cc ý M qd4Q) 0 0 U

Q ) k o

0 0M



NAVORD REPORT 5491

m ~ ~ t m o - 0o

o 't 0 0 o 0

o ce) C0 o1
o tLf t- 0

o 0 0 0D

M )e

0D C. C Cq

CD 0

0 C0 0; 0 0

0.

V -4 0 r0
o 0 0-

z0 0 0)C

oo w to__

00

0- 0 0c 0

P? m 0 0 0l 0
C11C 00 0 01

0 C14 .-4 C14O
C; C C; C; o

0 0d 0 0

w~~ t 100 0 0I
o ) 0 D 0 o 0

bo 0 040
C> 10

-4.4 ,-.

4J ,-) S-4 1-

1-4 01 CD 0

100



NAVORD REPORT 5491

OD ?-4 v-I 0 cq t-
N d oo m~ CD m tt) m

Co m o Lo vo Co D

0D 00 00 00 000

0

Q~ 0 ) 0

0 0 0o 0

0D 0 0
0; 0; 0 0
+ I I

.- I C; Co Co

0o 000 0r

0 0ý 0 0
0 0> 0> 0

C; Co C;

r42 Q- I-4

"4 <D Co DU Ul)
0c 0 0- 0)

L- 00 0 00

Lo 0 0c 0I 0. 0
00 0 0

k- 0- r-4 0 4 >

(DI 0

0 q 0 m 0 0

0 L



NAVORD REPORT 5491

co q m~ 1-

eq 14 eqi cq 0

0

o

Q C)

eq C; C;

Seq m~
o0 0

0Q 0

o 0 01-4 0- d C 0 0

p .1 1 C) Q0

V~ C; C;

P4

p 4 o

U) 00

~-U 00Uto 0- eq q Lo0c

M' C') 1- ')7-

to 0 00

's0

C.)

Q) -4 eq rn 0"X~. u u-

12C



NAVORD REPORT 5491

Co C; C; C; C; C; 00 0 0,

c, 0 6 0 0 0> 0> 0 0C 0

C; Cf) C) 0; C; C') 0; C-

0 0 l 0 -0 0 0 0

0 000 00 0 0

C> 0> 0C0 0 0> 0 0

z
0 0)m 0 0 0M C0 0

0 n 0 0 0o 0 0

0 0, 0, 0 0 0 0 0

04 00Q C: ~

00

CO 4 0 0 o 0 m 04 00

r-4 "- C') 4 -4 V4 P-4 "-4 0-

H4 C; " C) 0 C; C;~ 0;

-4 w 4 U) C ) 0

.-n to to o ml t- C'

0

bl) 0

-4 Cq CM V4 V) CD t- Co00

13



NAVORD REPORT 5491

0 Q- C 0 0 CO CO QO .4

0 D 0 0. 0. 0D~ C . C
0) C ~ C') C' 0' ' ' )

CO O C O C C: C: C: O

w. m. V. w. co4 '4 0. ,. o 4
00 0 00a l00 0q W

0 C') C; C CO C') C; C;I C

0o 00 00 mc 0 0 04 -
CD- 0 00 0>v0 04 0 0

w 0 0 0 0f O 0 00 c
0 4 00 0 - OD 000

C+ T- +4 + I. +; +4

(D C )) V .4 cq 0M
"4~ '.4 00) 044 04I r-4

010400


